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Solving the riddle of the bright mismathes:
hybridization in oligonuleotide arrays
Felix Naef and Marelo O. Magnaso
Rokefeller University, 1230 York Avenue, New York, U.S.A.
HDONA tehnology is prediated on two ideas. First, the dierential between high-anity (per-
fet math, PM) and lower-anity (mismath, MM) probes is used to minimize ross-hybridization
[2, 3℄. Seond, several short probes along the transript are ombined, introduing redundany.
Both ideas have shown problems in pratie: MMs are often brighter than PMs, and it is hard to
ombine the pairs beause their brightness often spans deades [4, 5, 6℄. Previous analysis suggested
these problems were sequene-related; publiation of the probe sequenes has permitted us an in-
depth study of this issue. Our results suggest that uoresently labeling the nuleotides interferes
with mRNA binding, ausing a ath-22 sine, to be deteted, the target mRNA must both glow
and stik to its probe: without labels it annot be seen even if bound, while with too many it won't
bind. We show that this onit auses muh of the omplexity of HDONA raw data, suggesting
that an aurate physial understanding of hybridization by inorporating sequene information is
neessary to perfet miroarray analysis.
PACS numbers: 87.15.2v, 82.39.Pj
There are two widespread tehnologies in use today
for performing large-sale mRNA hybridization experi-
ments: spotted arrays and high-density oligonuleotide
arrays (HDONAs, a.k.a. GeneChip
r©) [1℄. Suh experi-
ments have beome popular for assessing global hanges
in gene expression patterns; they may be used, in a rst
instane, as sreens to identify genes with interesting be-
haviour on an individual basis; but they also hold the
promise to unravel some aspets of the tangled web of
transriptional ontrols [7, 8℄. Hybridization array sig-
nal is intrinsially "dirty", resulting from ompromise
to trade quality for quantity, and analysis algorithms
therefore need to ahieve high levels of noise rejetion
against the real-world noise observed in the experiments.
There is thus a lear need for the early stage algorithms
that translate the patterns of light and dark reorded
by a laser beam into numbers estimating mRNA onen-
trations to perform optimally. Any inauraies intro-
dued at that level, i.e. loss of signal or false positive
assignments annot be reovered thereafter. In the ase
of spotted arrays, it seems there is little to do beyond
better image analysis; HDONAs however have typially
between 20 and 40 probes per transript, and a fun-
tion onverting those 20-40 numbers into one number
has to be supplied [4, 9℄. As we show below, this task
is not trivial, owing to the omplex nature of mRNA
hybridization and uoresene detetion in this system.
HDONA probes are 25-base oligonuleotides grown pho-
tolithographially onto a glass surfae; about a million
dierent suh probes an be synthesized on one hip at
urrent densities. Beause 25- mers an exhibit onsid-
erable ross-hybridization to a omplex bakground, the
system was built on two layers. A "dierential signal"
approah performs a rst level of rejetion of spurious sig-
nal, by omputing the dierene between the brightness
of a PM probe omplimentary to a 25-mer in the target
RNA, and a MM probe in whih the middle nuleotide
has been hanged to its omplement. From the thermo-
dynamis of DNA-RNA hybrids in solution [10℄ it was
expeted that the PM probe should have a higher anity
for the spei target than the MM probe, while ross-
hybridization should be roughly equal for both. Seond,
redundany was introdued by using several probe pairs
orresponding to distint 25-mers along the length of the
transript (see Figure 1).
But these ideas do not translate that easily from hy-
bridization in solution to HDONAs. An issue long no-
tied was the large number of probe pairs for whih the
single mismath brightness was higher than the perfet
math up to a third of all probe pairs in some hip mod-
els 6. This was easy to notie sine early versions of
the default analysis software would not take this mat-
ter into aount, and therefore some gene onentrations
were reported as negative. Why this would happen has
been the ause of muh speulation. A two-dimensional
plot of PMs vs. their MMs shows that their joint prob-
ability distribution appears to have two branhes, and it
was suggested that sequene spei eets are playing a
ruial role 6. But in the absene of sequene information
for the probe pairs, this ouldn't be veried. However,
Aymetrix has reently released the neessary data for
addressing the problem expliitly.
We show in Figure 2 joint probability distributions of
PMs and MMs, obtained by taking every probe pair in
a large set of experiments, and binning them to obtain
two- dimensional histograms. We did this twie, omput-
ing two separate probability distributions whih we then
superimposed: in red, the distribution for all probe pairs
whose 13th letter is a purine, and in yan those whose
13th letter is a pyrimidine. The plot learly shows two
very distint branhes in two olors, whih orrespond to
the basi physial distintion between the shapes of the
bases: purines are large, double ringed nuleotides while
pyrimidines are smaller single ringed ones. This under-
sores that by replaing the middle letter of the PM to
its omplementary base, the situation on the MM probe
2FIG. 1: Probeset design. A: the raw san of a typial probe-
set, with the PM (respetively MM) on the top (bottom) row.
The large variability in probe brightness is learly visible. B:
Arrangement of probe sequenes along the target transript
for the human reA gene in the HG-U95A array; both probing
the 3'UTR region and the overlap between probes is usual.
is that the middle letter always faes itself, leading to
two quite distint outomes aording to the size of the
nuleotide. If the letter is a purine, there is no room
within an undistorted bakbone for two large bases, so
this mismath distorts the geometry of the double helix,
inurring a large steri and staking ost. But if the let-
ter is a pyrimidine, there is room to spare, and the bases
just dangle. The only energy lost is that of the hydrogen
bonds.
So the existene of two branhes agrees with basi hy-
bridization physis, but it still does not explain why the
MMs are atually brighter than the PMs in many se-
quenes with a purine middle letter. To understand this
we will perform a ner level of analysis, onentrating
momentarily only on the PM sequenes. It has been
pointed out that the PMs within a probeset are very
broadly distributed, typially spanning two deades or
more. We an try to observe whether this breadth is
similarly sequene- dependent, by tting the brightness
B of PM probes (divided by the estimated RNA onen-
tration [RNA℄) against their own sequene omposition:
log (B/[RNA]) =
∑
sp
LspAsp
where s is the letter index (ACGT) and p the position
(1-25) on the 25-mer; L is a Boolean variable equal to 1
if the symbol p equals s, and thus A is a per-site an-
FIG. 2: PM vs. MM histogram from 86 human HG-
U95A arrays. The joint probability distribution for PM and
MM shows strong sequene speiity. In this diagram, all
(PM,MM) pairs in a dataset were used to onstrut a two- di-
mensional histogramit ontains too many points for a sat-
tergram. Pairs whose PM middle letter is a pyrimidine (C or
T) are shown in yan, and purines (A or G) in red. 33% of all
probe pairs are below the PM=MM diagonal; 95% of these
have a purine as their middle letter.
ity. More aurate models would inlude staking ener-
gies by looking at onseutive letters (bonds); while this
ontribution is important for hybridization experiments
in solution [11, 12℄, we found that it does not improve
the t substantially. On the other hand, we were sur-
prised to disover that the key improvement omes from
introduing position dependent anities, as opposed to
anities that would depend only on the total number
of ourrenes of eah letter. The tted per-site ani-
ties are shown in Figure 3, note the strength of letter
spei ontributions: hanging an A to a C in the mid-
dle of the sequene would hange the brightness of the
probe by 250on mouse, drosophila, and yeast arrays lead
to virtually idential anity urves as those shown in
Figure 3. Besides providing insight into physial aspets
of hybridization, the tted anities bear an important
pratial value as they permit to eetively redue the
breadth of the probeset brightnesses, therefore improv-
ing the signal-to-noise ratio of probeset averages (used for
instane in absolute onentration estimates). In num-
bers, the variane in 96by the t is subtrated, and the
redution is larger than a fator of 2 for 65probesets. An
interesting aspet of the above ts is the asymmetry of
A vs. T (and G vs. C) anities, whih is shown more
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FIG. 3: Sequene speiity of brightness in the PM probes.
PM probes from the same data as in Figure 2 were t for as
follows: the logarithms of the brightnessese divided by a sur-
rogate of onentration (median of all PM's in a probeset)
were t (multiple linear regression) to the probe sequene
omposition. At the oarsest level, we t the data to 100
(4*25) binary variables desribing the presene or absene of
an A, C, G or T at eah of the 25 positions. The resulting site-
spei anities are shown as symbols; position 1 orresponds
to the rst base on the glass side. The smoothness of the
urves permit polynomial ts with muh fewer parameters.
The solid lines show results where the position dependene is
modelled as ubi polynomials: we used 13 (4 parameters * 3
independent letters + oset) variables to t 17 million data
points (r2=0.44, F=1071045, p<10-16). The vertial sale is
the expeted log10 anity due to a single letterthus hang-
ing an A for a C at the middle site auses the probe to be
brighter, on average, by 100.4 250aumulation of these large
sequene anities results in the exponentially broad distri-
bution of measured brightnesses. Notie also the prominent
edge eets, presumably due to breathing of the duplex. The
asymmetry indiates eets due both to attahment to the
glass and fabriation-spei eets.
learly in Figure 4.
The obvious ulprits for this eet are the la-
bels, namely, the standard protool reommended by
Aymetrix entails labeling the RNA with biotinilated
nuleotides more speially, U and C, the pyrimidines.
This suggests a rather simple explanation, namely, that
the biotinilated bases somehow impede the binding; the
eet diminishing to zero toward the probe edges, where
the double strand breathes enough to be able to aom-
modate the linkers, and being maximal near the enter,
where the largest disruption would be eeted. This
would ause a ath-22 in terms of obtaining the max-
imal uoresene: if a sequene has too few bases that
an be labeled, it will not shine, even if it binds strongly,
while if it has too many labels it will not shine beause it
does not bind. But this ath-22 has a urious loophole:
the optimal region to have the uorophores should then
be outside the 25-mer: sine the RNA being hybridized
is usually longer. Figure 4 onrms this: when inluding
the ontribution to brightness from sequene omposition
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FIG. 4: Redution in brightness due to labeled U and C's.
Here ts have been extended to also inlude sequene infor-
mation from 20 anking bases on eah end of the probe. The
asymmetry of (A, T) and (G, C) anities in Figure 3 an
be explained beause only A-U and G-C bonds arry labels
(purines U and C on the mRNA are labeled). Notie the
nearly equal magnitudes of the redution in both type of
bonds, additionally, one an observe the hange in sign at
the boundaries of the probes, reeting the fat that arrying
labels outside the probe region tends to ontribute positively
to the brightness, while arrying labels inside the probe region
is unfavourable beause labels interfere with binding.
outside the 25-mer we nd the pyrimidine ontribution
to be stritly positive.
Interferene with binding by the biotinilated bases also
solves the MM>PM riddle. As we saw before, a purine
in the middle of the PM implies a gap between the two
nuleotides on the MM probe; thus one ould onjeture
that this gap permits the linker between nuleotide and
biotin not to interfere with the binding. This onjeture
is quantitatively ompatible with the data: aording to
Figure 4, the energeti penalty for a pyrimidine in the
middle of the sequene is 0.2 in log10 units (about 0.5
kBT), whih is omparable to (and bigger than) the ex-
ess brightness of the MMs in the purine (red) lobe of
Figure 2. Indeed, the median exess brightness of the
MM for the red probes is 0.1 in log10 units. In other
words, when onsidering the eetive ontribution of a
middle bond to brightness, a G-C* bond on the PM probe
is dimmer than a C-C* bond on the MM, whih in turn
is dimmer than a C-G bond on the PM. Here * denotes
a labeled nuleotide on the mRNA strand.
A miroarray experiment arried out for a biologial
study provides nonetheless a quarter of a million mea-
surements in hybridization physis. This information
may be used to probe and understand the physis of the
devie, and indeed if an aurate enough piture emerges,
it shall lead to substantial improvements in data quality.
We have shown how the basi physis of the detetion
proess in HDONAs perolates into the statistis, result-
ing in statistial anomalies aeting the data thereafter,
and whih need to be taken into aount in order to opti-
4mize the experiments. Miroarrays are one out of many
high-throughput tehniques being developed and brought
to bear in important problems in Biology today. While
it is usually emphasized that they pose similar analyti-
al hallenges in terms of pattern disovery, mining and
visualization, our work exemplies that in order to reah
a level where analysis an be abstrated to suh heights,
one should be positive to understand in some detail the
physis of the instrument and how it aets the data. We
thank Herman Wijnen, Edward Yang, Nila Patil, Coleen
Haker and Adam Claridge-Chang for helpful disussions.
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